The Japan Atomic Energy Agency (JAEA) and Okayama University have carried out the experimental animal study and its related studies since 2007 in order to examine the physiological effects of radon in detail. Thus, a radon test facility for small animals was developed in order to increase the statistical certainty of our animal tests. This paper illustrates the performances of that facility, the rst large-scale facility of its types in Japan. The facility has a potential of approximately 150 mousescale tests at the same time. The apparatus for exposing small animals to radon has six animal chamber groups each of which consists of ve independent cages. Different radon concentrations in each animal chamber group are available. The major functions of the facility controlling radon and avoiding thoron were shown theoretically and experimentally. The relative standard deviation of radon concentration at the highest concentration group was about 5%, although the lower concentration groups seemed to be affected by variations in background radon.
I INTRODUCTION
A naturally occurring radioactive noble gas, radon ( 222 Rn) is widely distributed in the environment.
In the beginning of the 20 th century, it was assumed that radon induced lung cancer in workers at silver mines, such as the mines in Schneeberg and Jachymov. After that, it was proven that radon was one of causative substances of lung cancer from the histopathological and the biological studies. Additionally, the lung cancer risk of radon was evaluated quantitatively from the epidemiological studies for uranium miners in the 1970s, and for other miners in the 1980s. These findings were summarized in publications such as ICRP Publication 65 1) and BEIR VI. 2) Several large-scale experimental animal studies were performed: For example, the studies by Commissariat à l'Énergie Atomique (CEA) and Compagnie Générale des Matiéres Nucléaires (COGEMA) showed that the lung cancer risk was proportional to cumulative radon exposure from 25 WLM to 3,000 WLM. 3, 4) These results were supported by the epidemiological studies for public exposed to indoor radon. 5, 6) On the other hand, radon hot springs and radon caves are widely employed in medical treatments for various diseases such as osteoarthritis and bronchial asthma. 7, 8) Along with such clinical experiences, the experimental animal studies qualitatively proved the effects related to indications of radon therapy. For example, the secretion of insulin, the metioninenkephalin and the endorphin are increased by exposure to radon. 9) How much the physiological reaction affects on personal health is not clear yet. However, for high risk groups such as patients with hypertension, radon may lower their risk.
The Japan Atomic Energy Agency (JAEA) and Okayama University have carried out the experimental animal study and its related studies since 2007 in order to examine the physiological effects of radon in detail. In the previous study by small-scale experiments, the activation of anti-oxidation function in some organs in mice by radon inhalation was examined. 10) In order to increase the statistical certainty of our animal tests, a radon test facility for small animals was developed.
Radon test facilities used for large-scale animal studies in Europe and the US 11, 12) are categorized to two types: nose-only and whole-body exposure chambers. In the former, animals are loaded into tubes which are inserted into ports on the exposure chamber. In the latter, potentially more suitable for large-scale experiments, animals are housed in cages which are put into the exposure chamber. In these facilities reported, it was dif cult to examine at various radon concentrations at the same time. Additionally, 226 Ra sources or uranium ores were used to provide radon, especially in whole-body types which require exposure chambers of several cubic meters. Experimenters may go into exposure chambers. The current Japanese laws require introducing the radiation controlled areas for such facilities.
The facility developed by the authors was designed to examine with a number of animals at various radon concentrations at the same time although the facility adopted a kind of the whole-body exposure system. This performance is accomplished by using six animal chamber groups each of which consists of ve independent cages. The appearance of a part of the facility is shown in Fig. 1 . Because radon is supplied to each cage directly in this system, the total volume of chamber for exposure is small. Thus, radon source utilized in the facility is natural soil in which the radioactivity levels are lower than those of regulated radioactive materials. This paper illustrates the performances of the facility, the first large-scale facility of its type in Japan. Controlling radon and avoiding thoron are mainly discussed theoretically and experimentally as the primary functions since the rst target of our study is to examine the in vivo behavior of radon and its effects.
II CONCEPT OF THE RADON TEST FACILITY
The radon test facility is located in a single storied steelframe building of about 50 m 2 . The building consists of a test room, a source room, a treatment room, a measurement room, a locker room and an entrance room. The environment in the building is centrally controlled by the air conditioner. The schematic diagram of the air balance in each room is shown in Fig. 2 . The test room, the treatment room and the measurement room use the same air supply and exhaust lines. The air pressure is kept positive in these rooms. To keep lower aerosol concentration in the rooms, the air is circulated through the filters at a rate of 20 to 30 times per hour. As a whole, the rooms are ventilated with 300 m 3 h -1
, the rate of which is equal to four times per hour.
The equipments and instruments of the radon test facility are listed in Table 1 . The facility mainly consists of radon sources, a decay chamber, animal chambers, radon monitors, pumps, ow meters and ventilators (Fig. 3) .
The chambers to expose small animals to radon are installed in the test room, in which the lighting system is timed to simulate natural daylight. Thirty chambers are divided into six groups depending on the air supply and exhaust lines. A ventilation rate of about 10 times per hour is kept during tests. The chamber of 0.014 m 3 also functions as the feeding cage. The facility has a potential of approximately 150 mouse-scale tests.
The radon sources installed in the source room are natural soil enclosed in stainless steel containers of 0.120 m 3 . Approximately 100 kg of soil is enclosed in each container. The supply air to the animal chambers is indoor air in the test room. A portion of the supply air originates from the source. By varying the mixture ratio of the air from the source, the radon concentration in the supply air is controllable in a maximum of six steps in each chamber group. Since the radon source is natural soil, a decay chamber of 0.2 m 3 is equipped after the source in order to remove thoron ( 220 Rn) coexisting with radon.
The air from the animal chambers is exhausted through the lter and deodorization units.
III FUNDAMENTAL CHARACTERISTICS OF THE RADON TEST FACILITY

Control of radon concentration
Generally, the balance of radon in a container is expressed by the following equation:
where C is the radon concentration in the container in Bq m ; C out is the radon concentration in the outer air in Bq m -3 ; is the decay constant of radon in s -1 ; and R is the radon supply rate in Bq s -1 . The equation at a steady state is solved for each container as follows:
Radon source (RS): Fig. 1 The appearance of a part of the facility (animal chambers, radon monitors etc). 
where the subscripts show the variables related to the corresponding containers; and k i shows the distribution ratio of the supply air to the chamber group i from the decay chamber, usually the same as that from the radon source.
From the equations (2), (3) and (4), when the ventilation rate is higher than once per hour (v/V = 1 h -1 ), radon concentration in the animal chambers of group i is described as follows.
When the supply rate from the radon source (R RS ) is constant, this equation shows radon concentration in the animal chamber depends on two conditions only: the distribution ratio of supply air through the source or the decay chamber, and the ventilation rate of the animal chamber. That is, the ventilation rates of the radon source and the decay chamber do not have an effect on radon concentrations in the animal chambers. Thus, the radon concentration needed is given only by control of two conditions.
Removing thoron
Since the radon source is natural soil, a decay chamber of 0.2 m 3 is installed after the source in order to remove thoron coexisting with radon. Granted that thoron affects measurement results and biological responses, it is too dif cult to estimate them.
Because thoron has a half-life of 55 s, it is unsuitable for estimation of thoron concentration assuming that the concentration in the decay chamber is uniform, like the equation (1) . Thus, thoron concentration in the supply air depends on the residence time, which is obtained by the volume of the decay chamber divided by the ventilation air volume. When the ventilation rate less than about ve times per hour is kept, residual thoron is lower than approximately 1 10 -4 of initial thoron concentration. It may be enough for thoron removal even if the supply rate of thoron is 10 times higher than that of radon.
Radon progeny concentration
Although the rst target of our study is to examine the in vivo behavior of radon and its effects, the evaluation of radon progeny ( Po) concentration and its size distribution is needed in order to examine the physical risks of radon. However, their behaviors are quite complex because they are affected by static electricity, aerosol concentration and distribution of objects in the chamber along with the ventilation rate. Therefore, measurements should be performed when animals are present in the chambers. In this paper, the concentrations of radon progeny were estimated only as the potential maximum values. Basically, the balance of parent and progeny nuclide concentrations in a container is expressed by the following equation: , respectively. Therefore, equilibrium equivalent concentration of radon is estimated to be 105 Bq m Table 1 .
IV EXPERIMENTAL RESULTS AND DISCUSSION
An example of radon concentrations in the animal chambers
An example of measurement results of radon concentrations in the animal chambers is shown in Fig. 4 . In the experiment, one radon source was used. The horizontal axis in Fig. 4 shows the elapsed time from 19:30 when the experiment was started. From the discussion mentioned above, the ventilation air volume in the decay chamber was decided to be about 14 L min -1 (= 2.3 10 -4 m 3 s -1 ), and it was allocated doubly among chamber groups like 7.2, 3.6, 1.8, 0.9 and 0 L min -1 . Remarkable periodic variation, such as higher in nighttime and lower in daytime, was observed at Group E. This variation seemed to be caused by natural variation of background radon. On the other hand, the concentrations of other groups were almost stable considering variation of Group E. The relative standard deviation of the radon concentrations indicated at the highest concentration group (Group D) was about 5%. The lower concentration groups seemed to be affected by the variation of background radon depending on their averages.
As shown in Fig. 4 , the radon concentrations in the chamber of Group D, A, B, C and E are 930, 502, 262, 140 and 25 Bq m -3 , respectively. The proportions of radon concentrations were nearly corresponding to distribution ratios of supply air from the source. Besides background radon, the differences may be caused by an instrumental error among the ow meters. It is possible to more accurately control the proportions of radon concentration with a suitable period for preparation.
The variation in the beginning or in the end seemed to differ from the actual variation due to a delay in response from the principle to the radon monitor. The shape of actual concentration must be rectangular taking its ventilation rate into account. Additionally, use of more soil is available to make higher radon concentrations if it is needed.
The origin of background radon
As mentioned above, the lower concentration groups seemed to be affected by variation of background radon. If the origin of background radon is mainly in the room, the variation can be decreased. In other words, decreasing of background radon contributes more accurately control of radon.
To estimate radon from the rooms, the continuous measurements in the test room, the source room, the treatment room and so on were carried out after stopping the air conditioner. The results were shown in Fig. 5 . After the air conditioner stopped, the radon concentration in the rooms gradually increased. The variation of concentration in the treatment room was quite different from those in the other rooms. It is generally well known that one of main entry routes of radon is the periphery of water pipes or sewer pipes from under the floors. Since the treatment room has a water pipe and a sewer pipe due to its objectives, radon likely enters the room easily through those structures.
The equation (1) is also available in this analysis when the variables relating to a container are substituted as those relating to a room. From the results and the equation (1) with assuming outer radon concentration is negligible, C out = 0, the other parameters, the ventilation air volume and the radon supply rate, are able to be evaluated. As an example, the calculation result for the concentration in the treatment room is shown in Fig. 5 using the floor areas in Fig. 2 . In this case v and R were estimated to be 5. is probably conservative because positive air pressure is retained during air conditioning. In conclusion, the variation at Group E in Fig. 4 must be caused from a variation of outdoor concentration. Therefore, decreasing the variation of background concentrations is dif cult without accruing extra expenses.
Performance of the decay chamber
The comparison between the continuous measurement result by the AlphaGUARD radon monitor and the grab sampling result by a gas filled ionization chamber 13) proved the satisfactory results obtained by using the decay chamber. In the latter, the in uence of thoron on the result was avoided since the measurement was performed more than three hours after the sampling. If thoron was removed insufficiently, the continuous measurement results would be significantly higher than the grab sampling result. While the average of the results indicated by the continuous measurement was 899 Bq m -3 through the experiment, the concentration by the grab sampling was 888 Bq m -3 during the experiment. Thus, the decay chamber works well as mentioned above.
V CONCLUSION
This paper illustrated the performance of the radon test facility for exposing small animals, the first large-scale facility of its type in Japan. The facility has a potential of about 150 mouse-scale tests at the same time. Major functions of the facility controlling radon and avoiding thoron were theoretically and experimentally shown in this paper. Different concentrations in each animal chamber group are available. The relative standard deviation of the radon concentration at the highest concentration group was approximately 5%, although the lower concentration group seemed to be affected by variations of background radon concentrations. Since the experimental evaluations of radon progeny concentration and its size distribution are needed to examine the physical risk of radon, measurements will be performed when animals are present in the chambers. Before the next phase of our study projects, the facility will be modified from the experimental results. In addition, the facility was authorized by the Experimental Animal Study Commission of Okayama University through its inspection on 18 th May 2009. 
